Abstract
Introduction

24
Nitrogen is one of the most important, abundant life elements in bio-macromolecules such as DNA, 25 RNA, and proteins. Although nearly 80% of air is N2 gas, most of organisms are unable to use this 26 form of dinitrogen (N2) to make these essential bio-macromolecules. Fortunately, some 27 cyanobacteria can photosynthetically fix atmospheric N2 gas into a form (ammonia) that can be 28 used by other organisms. Through billions of years of evolution, Anabaena species has gained the 29 unique capability of using solar energy to reduce atmospheric N2 to ammonia in specially 30 differentiated N2-fixing cells called heterocysts 1, 2 . The sole function for heterocysts is its solar-31 powered, oxic N2-fixation. Thus, heterocysts also offer scientists a rare opportunity to unlock the 32 mystery of genome requirements for photosynthetic N2-fixation. Unlocking genomic secrets of 33 heterocysts would help guide scientists to genetically engineer crops (leaves) to make self-34 fertilizing plants/crops using sunlight and atmospheric N2 gas, just as heterocysts have done for 35 billions of years. 36
Regardless of nitrate availability in its growth medium, some vegetative cells of Anabaena 37 cylindrica ATCC 29414 (hereafter A. cylindrica) can initiate a development program to form 38 heterocysts that are present singly at semi-regular intervals along the filaments 3 . By sequestering 39 nitrogenase within heterocysts, A. cylindrica can carry out the two incompatible biochemical 40 processes simultaneously: O2-producing photosynthesis and O2-labile N2 fixation. Heterocyst-41 based N2-fixation is a uniquely oxic, solar-powered process, which is distinct from anaerobic N2-42 fixation present in other bacterial species. This provides great potential for application in 43 agriculture compared to all other N2-fixing bacteria, which are unable to use solar energy and also 44 require anaerobic conditions. 45
is it necessary for a heterocyst to retain the entire genome (7.1 Mbp) from its progenitor 69 vegetative cell? To answer this question, we isolated heterocysts from A. cylindrica and sequenced 70 the genomic DNA from heterocysts and vegetative cells. After mapping the NGS-based 286 71 heterocyst contigs of A. cylindrica ATCC 29414 to the reference genome of A. cylindrica PCC 72 7122 NCBI (GCA_000317695.1) using BLAST-N (E-value < 1 ×10 -150 ), six DNA elements (0.12 73 Mbp) were found to be deleted from the heterocyst genome during heterocyst development. The 74 six-element deletions in heterocysts led to a loss of 172 genes, but restored five genes (nifH1, nifD, 75 hupL, primase P4, a hypothetical protein gene) that were interrupted in vegetative cells. 76
77
Methods
79
Isolation and purification of heterocysts. Heterocysts were obtained from A. cylindrica grown 80 in 5 L AA/8 medium free of combined nitrogen 27 , shaking at 150 rpm under illumination (50-60 81 µE·m -2 ·s -1 at the culture surface) for 7 days to an OD700 of 0.03. Cultures were harvested by 82 centrifugation at 6,000 x g for 15 min and re-suspended in 80 mL ddH2O. Vegetative cells were 83 disrupted by passing suspensions through a Nano DeBEE 30 High Pressure Homogenizer (BEE 84 International) at 15,000 psi (lb/in 2 ) three times. The suspensions were centrifuged down at 4,000 85 x g for 10 min. To separate the debris of vegetative cells from heterocysts, pellets were re-86 suspended in 1 mL ddH2O, and the suspension was centrifuged at 1,100 x g for 5 min. Two layers 87 were formed: a bottom green pellet and a top loose yellow pellet. The top yellow pellet of 88 vegetative cells debris was discarded and the bottom green heterocysts pellet was washed by re-89 suspending with 1 mL ddH2O and re-centrifuging at 1,100 x g for 5 min. This wash step was 90 repeated 4 times. After each washing step, the heterocyst fraction was checked microscopically in 91 order to ensure that heterocysts were pure. The purified heterocysts were stored at -80C. 92
Isolation of genomic DNA. Anabaena cylindrica ATCC 29414 was grown in 50 mL AA/8 93 medium (free of combined nitrogen) and AA/8N (nitrate-containing medium) 27 for 7 days, and 94 OD700 were 0.03 and 0.028, respectively. To extract the DNA from vegetative cells, the cultures 95 were centrifuged at 13,000 x g for l5 min; 500 µL of 10% sucrose buffer (50 mM Tris-HCl, pH 96 8.0, 10 mM EDTA) was used to suspend the cell pellets; 50 µL of 125 mg/mL lysozyme (Sigma), 97 150 µL 10% SDS and 10 µL RNase of 10 mg/mL were added. The 800 µL suspension was 98 incubated at 37°C for 1 hr. Then the total amount of the suspension was measured, an equal amount 99 of saturated phenol (pH 6.6±0.2) was added, and the reagents were mixed by vortexing. The 100 suspension was centrifuged at 13,000 x g at room temperature for 10 min. The top aqueous solution 101 was transferred to a new 1.5 mL Eppendorf tube and an equal amount of chloroform solution 102
(chloroform: isoamyl aclcohol = 24:1) was added. The tube was vortexed and the suspension was 103 centrifuged at 13,000 x g at room temperature for 10 min. The top aqueous solution was then 104 transferred to new tube and an equal volume of pre-cold isopropanol was added to precipitate total 105 DNA. Some white pellet was obtained after centrifuging at 13,000 x g at 4°C for 10 min. The 106 supernatant was discarded, and the pellet was washed first with 70% ethanol and then 95% ethanol. 107
The white pellet was air-dried for 5 min, and a final 30 µL of ddH2O was added to dissolve the 108 total DNA. 109
To break the heterocysts and extract its genomic DNA, the purified 13.1 mg (wet weight) of 110 heterocysts stored at -80°C were re-suspended in 500 µL 10% sucrose buffer (50 mM Tris-HCl, 111 pH 8.0, 10 mM EDTA). The suspension was centrifuged at 13,000 x g for 5 min. After removing 112 the supernatant, another 500 µL 10% sucrose buffer was added to suspend the pellets, and 50 µL 113 of 125 mg/mL lysozyme was added. The total suspension was incubated at 37°C for 1.5 hr. The 114 suspension was sonicated at 70% amplitude for 10 s with 0.5 s pulse on and 0.5 s pulse off. The 115 0.9) to the assembly and the results used to correct the contigs sequences. isolation of genomic DNA (above) were used to determine the frequency of heterocysts using 172 microscopy accounting. Pictures were taken and the total numbers of heteocysts and vegetative 173 cells were counted to determine the heterocyst frequency in both AA/8 and AA/8N growth media 174
. 175
Results
176
Isolation and purification of heterocysts for genome sequencing 177
Approximately 4.46% of A. cylindrica vegetative cells grown in AA/8 medium (free of combined 178 nitrogen) 27 can form single heterocysts (Fig. S1a) , and the heterocysts were purified to a purity of 179 99.52 ± 0.48% ( there is no report for heterocyst genomic sequencing data. Here, we sequenced the genomic DNA 190 isolated from highly purified heterocysts ( (Table S2) , we found that the ATCC 29414 genome sequence is nearly identical (at least 99.63% 225 identity) to the PCC 7122 complete genome. Similarly, our HT286 contigs produced 6,787,777 226 bp, a 99.1% coverage of the PCC 7122 genome sequence with at least a 99.60% identity ( Table  227 S3). The four copies of the 16S rRNA gene sequence of ATCC 29414 were, 99.723%, 99.797%, 228 99.932%, 100%, respectively, identical to those of PCC 7122 (Table S4 ). Based on our 229 comparative genomics analysis between two A. cylindrica strains, we conclude that these two 230 strains are nearly identical genetically. 231
Identification of six DNA element deletions in heterocysts by sequencing heterocyst genome and 232 PCR confirmation. Although we are currently unable to assemble both vegetative cells and 233 heterocysts of A. cylindrica ATCC 29414 into single pseudomolecules, we discovered six major 234 deletions in the heterocyst genome using both contigs mapping and BLAST-N. The six major 235 DNA element deletions were identified in heterocyst contigs (Table 1 , group I contigs). They are 236 ∆5,736 bp in nifH1 (Fig. 1a-d Table 1 ). 239
Consistent with the short-read mapping results (Fig. 1a & Fig. S4 ), the heterocysts contigs 240 assembly also identified two populations (groups I & II) of contigs ( Table 1 ). The contigs in group 241 I confirmed these six DNA element deletions and the contigs in Group II (Table 1) remained 242 unedited (i.e., contained these six DNA elements identified in the vegetative contigs) ( Table 1) . 243
These two groups of contigs may indicate the heterogeneity of the heterocyst genome. The 8 contig 244 sequences in group I (with deletions of the above six DNA elements), containing the restored five 245 intact genes (Table 1) and their flanking sequences, have been deposited to GenBank. Their access 246
Nos. are MG594022 through MG594031 (Table S5 ). The MUMmer mapping 29 of Group I contigs 247 against the reference genome (A. cylindrica PCC 7122) were also performed and are shown in Fig.  248 1b and Fig. S2 . 249 250 (hupL, nifH1, primase P4, 5'-nifD and 3'-nifD) in the 256 heterocyst chromosome. In addition, there were also 33 bigger gaps (gap sizes vary from 500 bp 257 to 6,450bp) or potential deletions (PD) mapped to the reference chromosome of PCC 7122 (Fig.  258 S3 & Table S6a ). 259
Quantitative PCR confirmed restoration of five intact genes in heterocyst genome 260 nifH1 restoration editing in heterocysts and vegetative cells. Two PCR products (6,627 bp and 261 891 bp) were amplified with genomic DNA from vegetative cells grown in AA/8N (lane 2 in Fig.  262 1c) and AA/8 (lane 4) with primers ZR1676, ZR1677 (Table S1 ), while only one product of 891 263 bp was amplified in heterocyst genomic DNA (lane 3 in Fig. 1c ). These three 891 bp PCR product 264 sequences were confirmed to be identical to the coding region of nifH1 in the heterocyst contig_48 265 (GenBank accession #: MG594028). In other words, both the heterocyst genomic sequence 266 contig_48 and the intact nifH1 PCR product sequence confirmed that a 5,736 bp element disrupts 267 the nifH1 gene in vegetative cells, but is precisely excised to restore the intact nifH1 in heterocysts. 268
This 5,736 bp element contains the direct repeat sequence CCGTGAAG at both ends inserted 269 within nifH1. Interestingly, the intact nifH1 was also amplified from the genomic DNA isolated 270 from vegetative cells grown in AA/8N and AA/8 (Fig. 1c, lanes 2 & 4) . Further quantitative PCR 271 (qPCR) with specific primers (Table S1 ) targeting the edited nifH1 and total nifH1 (both unedited 272 and edited) was performed with genomic DNA isolated from different types of cells. The qPCR 273 data (Fig. 2, nifH1) showed that 100±0.77% of interrupted nifH1 was edited to be intact in genome 274 of heterocysts, while only 11.92±0.86% (AA/8) and 2.89±0.26% (AA/8N) of interrupted nifH1 275 was edited to be intact in genome of vegetative cells grown in the medium without combined 276 nitrogen (AA/8) and with combined nitrogen (AA/8N). 
280
AA/8) and heterocysts. The total of each gene (interrupted and intact), and the intact only were determined 281 by qPCR using two sets of primers (seen table S1. nifH1, total: ZR1681&ZR1677, edited intact nifH1: 282 ZR1679&ZR1680; nifD, total: ZR1735&ZR1737, 5'-nifD element deletion: ZR1738&1739 (Fig. 3) , 3'-nifD 283 element deletion: ZR1740&ZR1736 (Fig. 3) ; primase P4, total: ZR1749& ZR1750 (Fig. 3) , edited intact 284 primase P4: ZR1751&ZR1752 (Fig. 3) ; hupL, total: ZR1743&ZR1734, (Fig.3 ) edited intact hupL: 285 ZR1741&ZR1742 (Fig.3) ; jointed anacy_RS29550 & RS_29775 hypothetical protein gene, total: 286 ZR1744&ZR1747 (Fig.3) ; edited intact: ZR1745&ZR1746 (Fig. 3) . The percentages of each restored intact bp 3'-nifD-element) inserted within nifD were precisely removed to restore an intact nifD (1,503 298 bp) (Top panel in Fig. 3e ). The qPCR data (Fig. 2) showed that 6.50±0.01% of 5'-nifD was edited 299 (Fig. 3e) . A 1,111 bp band was amplified with genomic DNA from vegetative cells grown 325 in AA/8, AA/8N and heterocysts using primers ZR1748, ZR1749 (Fig. 3b) . These three PCR 326 products were sequenced and confirmed to be identical to the coding region of primase P4 327 (GenBank accession #: MG594029). The qPCR data (Fig. 2) showed that 67.13±0.47% of primase 328 P4 was restored to be intact in heterocysts, while the restored primase P4 gene in vegetative cells 329 constituted only 0.03±0.004% (AA/8) and 0.03±0.003% (AA/8N) of total primase P4 (interrupted 330 and intact). 331 hupL restoration editing in heterocysts and vegetative cells. A 1,034 bp fragment (Fig. 3c) was 332 amplified with genomic DNA from vegetative cells grown in AA/8, AA/8N and heterocysts with 333 primers ZR1733, ZR1734 (Table S1 ). These three 1,034 bp PCR products were sequenced and 334 confirmed to be the coding region of hupL. These results indicate that a 20,842 bp hupL-element, 335 inserted within hupL, was precisely removed to restore an intact hupL (Fig. 3f & GenBank  336 accession #: MG594030). Further qPCR data (Fig. 2) showed that 51.00±0.11% of hupL wasedited to be intact in heterocysts, while the intact hupL in vegetative cells accounted for only 338 4.61±0.17% (AA/8) and 2.38±0.31% (AA/8N) of total hupL (interrupted and intact). 339
Hypothetical protein gene restoration editing in heterocysts and vegetative cells. A 744 bp 340
fragment (Fig. 3d) was amplified with genomic DNA from vegetative cells grown in AA/8, AA/8N 341 and heterocysts using primers ZR1744, ZR1745 (Fig. 2g & Table S1 ). These three 744bp PCR 342 products were sequenced and confirmed that a 39,998 bp element in pANACY.03 was precisely 343 removed to form the 744 bp fragment. Thus, a hypothetical protein gene (1,539 bp) was restored 344 by joining a 636 nt anacy-RS29550 and a 903 nt anacy_RS29775 (Fig. 3d &g and its GenBank 345 accession #: MG594022). The qPCR data (Fig. 2) identified that the intact hypothetical protein 346 gene accounted for 90.76±0.18% in heterocysts, while in vegetative cells accounted for 63.49±0.23% 347 (AA/8) and 50.73±0.08% (AA/8N). 348
Loss of 172 genes through the six DNA element deletions in heterocysts 349
The six DNA element deletions contained 156,752 bp and a total of 172 genes (Table S7) 
functions. 359
Interrupted nif genes uniquely occur in heterocyst-forming N2-fixing cyanobacteriaNearly all of the genes interrupted by DNA elements are known to be required for heterocyst-361 specific N2-fixation in 28 out of 38 heterocyst-forming cyanobacteria although a few of them have 362 no known function in N2-fixation 26 . Since nif genes are highly conserved in all N2-fixing bacteria, 363 why are the nif genes interrupted in most of the heterocyst-forming N2-fixing cyanobacteria, but 364 not in non-heterocyst-forming cyanobacteria nor in other N2-fixing bacteria? We made an 365 alignment for the three most commonly interrupted nif genes -nifD (Fig. S5abc), nifH (Fig. S6) , 366
and hupL (Fig. S7) -from the representatives of N2-fixing cyanobacterial species (multicellular 367 and unicellular cyanobacteria) as well as non-photosynthetic N2-fixing bacteria (non-368 cyanobacteria) to identify if the direct repeat sequences (e.g., where the nifD-element inserted) 369
were conserved in these orthologous nif genes. 370
For nifD, 25 direct repeat sequences (within the nifD insertion element) out of 32 interrupted nifD 371 genes shared the conserved core sequence TACTCCG 26 . Only one of the 32 interrupted nifD genes 372 was interrupted by a serine integrase-containing DNA element, the rest were interrupted by a 373 tyrosine integrase gene-containing DNA element 26 . A 13-nucleotide sequence, including the core 374 sequence (TACTCCG), in the nifD insertion element is targeted by tyrosine integrase. This 375 nucleotide sequence was completely conserved in 16 heterocyst-forming cyanobacterial strains 376 (Fig. S5a, boxed) , indicating that these 16 nifDs are interrupted by a tyrosine integrase gene-377 containing DNA element 26 . There were an additional 15 nifDs out of 40 uninterrupted nifDs (Fig.  378 S5b) that also contain the conserved 13 nt sequence (*labeled in Fig. S5b ), but have no interruption 379 (Fig. S5b) . These 15 nifDs were from eight heterocyst-forming cyanobacteria (five of Fischerella 380 species and Mastigocoleus testarum BC008; Calothrix desertica PCC 7102; and Nostoc azolla 381 0708), three non-heterocyst filamentous N2-fixing cyanobacteria (Oscillatoriales JSC-12, two210001, Chroococcidiopsis PCC 7203, and two Cyanothece sp.) (Fig. S5b, *labeled) . Only eight 384 nifDs (Fig. S5c , *labeled) out of 71 uninterrupted nifDs from non-cyanobacteria also contain the 385 absolutely conserved 13 nucleotide sequence TGGGATTACTCCG (Fig. S5a, boxed) . 386
For nifH, seven nifH orthologs from three genera (Fig. S6a) were interrupted by a nifH1 element 387 containing a tyrosine integrase gene 26 . All seven nifHs contained the absolutely conserved 29 nt 388 sequence (Fig. S6a, boxed) , including the direct repeat sequence CCGTGAAG where the nifH 389 element inserted 26 . Only five nifH-orthologs out of the 52 uninterrupted cyanobacterial nifHs (Fig.  390 S6b,*labeled) contained the conserved 29 nt sequence (Fig. S6a, boxed) . However, these five nifHs 391 from heterocyst-forming Ficherella species and Nostoc species (Fig. S6b ,*labeled) were not 392
interrupted. 393
For hupL, ten hupL-orthologs from five genera (Fig. S7a) were interrupted by a hupL element 394 containing a tyrosine integrase gene 26 . All ten hupL genes contained the absolutely conserved 17 395 nt sequence (Fig. S7a, boxed) including the direct repeat sequence GCAGTTATATGG 26 where 396 the hupL-element inserted (Fig. S7a, arrowed) . Only five hupL orthologs out of the 30 397 uninterrupted cyanobacterial hupL (Fig. S7a,*labeled) contained the conserved 17 nt sequence 398 (Fig. S7a, boxed) . However, these five hupL from heterocyst-forming Anabaena variabilis and 399 four Cylindrospermopsis species (Fig. S7b, prophage related genes (Anacy_2147, 2204) were found within the DNA elements. The six DNA 448 elements may have originated from a prophage or prophage remnants. Thus, the nif genes were 449 interrupted by insertion of prophage DNA, causing oxygen (O2)-sensitive nitrogen fixation to be 450 silenced in O2-producing vegetative cells, and restored in terminally differentiated heterocysts by 451 removing these elements within the nif genes from the heterocyst genome. At the same time, somefunctions such as photosynthesis, DNA replication, etc. could be deactivated in heterocysts due to 453 a loss of the 172 genes, with 97 of these genes having unknown function (Table S7) nif genes interrupted by insertion of prophage DNA occurs uniquely in heterocyst-forming 460
N2-fixing cyanobacteria 461
Why does the interruption of nif genes by a prophage DNA uniquely occur in heterocyst-forming 462 cyanobacteria? A better interpretation of these insertions is that they are cryptic lysogenic phages 463 that have found a non-lethal, highly conserved target site within the nif genes, at the cost of 464 excising in terminally differentiated cells, the heterocysts. If this is true, a completed heterocyst 465 genome compared to its vegetative cells genome may help us discover more lysogenic phages. 466
Using nifD gene as an example, we made a sequence alignment for 128 nifD genes from the 467 representatives of three groups of N2-fixing bacteria (heterocyst-forming cyanobacteria, non-468 heterocyst-forming cyanobacteria, non-cyanobacteria). This sequence alignment revealed that 469 only 39 nifD genes contained the conserved 13 nt TGGGATTACTCCG (Fig. S5a) found in the 16 470 interrupted nifD genes. Twenty-four out of the 39 were from heterocyst-forming cyanobacteria, 471 with 16 interrupted by phage DNA and 8 uninterrupted (labeled in Fig. S5b) For the 15 nifD from non-heterocyst forming cyanobacteria and other N2-fixing bacteria, none 485 were interrupted by phage DNA. We speculate that the conserved 13 nt sequence is not all that is 486 required for integration of the nifD element. Several other factors, including but not limited to an 487 integration host factor, integrase, and excisionase, are required. Evolutionary selection would also 488 play an important role in the DNA element integration. For example, if a nif gene is interrupted 489 by a prophage DNA in non-heterocystous N2-fixing cyanobacteria or other N2-fixing bacteria, it 490 would place them at a disadvantage to the bacteria that retain an intact nitrogenase gene. This 491 would also present a selective pressure in heterocyst-forming cyanobacteria, but due to their 492 cooperative multicellular morphology, the selective pressure would not be as severe as it would be 493 for a non-heterocystous cyanobacteria or non-cyanobacteria. In other words, the prophage DNA 494 might once have inserted within these 15 nifDs, but natural selection pressure on non-495 heterocystous cyanobacteria made these insertion mutants unfit (i.e., forced them to become 496 extinct) in a combined-nitrogen-free environment. 497
